Abstract: When reclaimed water was recharged into groundwater containing a low content of ferrous iron, Fe-rich particles were generated and started to transport into the porous medium. X-ray powder diffraction and Mössbauer spectroscopy analysis showed that the generated Fe-rich particles were in a poorly crystallized ferrihydrite phase. After the formation of ferrihydrite particles, the mass loss of contaminants was calculated, which was 88.2% for Al, 93.3% for Zn, and 41.6% for chemical oxygen demand (COD). Protein-like compounds were predominant in the removed COD. Bovine serum albumin (BSA) was used as a model to investigate the effect of proteins on the transport of ferrihydrite particles in porous medium. Results showed that the attachment efficiency of ferrihydrite particles on the porous medium decreased from 100% to 75% with the increase of BSA concentration from 10 mg/L to 100 mg/L. BSA was attached to the surface of ferrihydrite particles via electrostatic adsorption. Thus, the zeta potential of ferrihydrite particles changed from positive to negative, and the particles became less aggregated, thereby enhancing particle mobility. This observation provided evidence that protein residues in reclaimed water enhance the transport of Fe-rich particles in saturated porous medium.
Introduction
Reclaimed water is acknowledged as an alternative resource to cope with water crises in terms of quantity and quality [1] . Among all types of reuse strategies, the subsurface storage of reclaimed water is a promising option to meet the growing demand for water, particularly in seasonally arid regions [2, 3] .
During subsurface storage, the contaminants in reclaimed water were purified through various ways, such as attenuation in groundwater [4] , adsorption on the rock surface [5] , oxidation reduction, biodegradation, and precipitation [1, 3] . Increased attention has been attracted to the chemical precipitation of Fe oxides from the oxidation of ferrous iron, which are ubiquitous in aquifers due
Column Experiments
The column experiment was performed in a plexiglass column with an inner diameter of 2.66 cm and a length of 10.8 cm. The column was wet packed with sand, yielding a porosity of 0.42, and placed vertically in a glove box filled with N 2 gas. A total of 10 pore volumes (PV) of groundwater were pumped at the bottom via a peristaltic pump (HL-2D; Shanghai, China) with a velocity of 0.15 cm/min for stabilization. The groundwater was mixed with the reclaimed water at a 1:1 ratio in a 2000 mL conical flask and continuously stirred, and then it was pumped into the column with a velocity of 0.15 cm/min. A 5 mL effluent was collected using a fraction collector (Huxi CBS-A 100, Shanghai, China) at a certain interval and equally divided into two sections. One section was used to analyze the dissolved Fe via centrifugation at 7000 rpm for 5 min to remove solid particles, whereas the other section was used to quantify the total Fe via acid digestion according to the method of Wang et al. [16] . The concentrations of Fe in both sections were determined using an inductively coupled plasma atomic emission spectroscopy (ICP-AES, Profile; Leeman, Sturtevant, WI, USA).
After the 25 PV of the mixed water passed through the column, a 100 mL effluent (called effluent A) was collected to determine the concentrations of metal ions and organic matter. The control experiment was performed using the deoxygenated reclaimed water, which was bubbled with N 2 gas to prevent ferrous oxidization. Then, the deoxygenated reclaimed water was mixed with groundwater at the volume ratio of 1:1 in the glove box filled with N 2 , followed by pumping into the column at a rate of 0.15 cm/min. Subsequently, the effluent of the control, denoted by effluent B, was analyzed for cationic and organic matter concentrations.
The mixed water was filtered through a 0.45 µm membrane and dried at 40 • C in a vacuum freezing dryer (FDU-1200; Riken, Tokyo, Japan) for 2 days to determine its particles. The retained particles on the membrane were scraped gently using a plastic blade and stored in a vacuum freezing dryer before analysis.
Transport Experiments

Ferrihydrite Synthesis
Ferrihydrite was formed and was predominant in the retained mass particles on the membrane surface according to the X-ray diffraction (XRD) and Mössbauer results. During the formation of ferrihydrite, 41.6% of chemical oxygen demand (COD) was removed due to the removal of protein-like organic matter, as shown in the fluorescence analysis result. Thus, transport experiments were designed to reveal the role of protein in the transport of ferrihydrite under anoxic conditions. Ferrihydrite was synthesized by ferric Fe precipitation according to the method of Schwertmann et al. [17] . First, 20 g of FeCl 3 was dissolved with 200 mL of deionized water in an Erlenmeyer flask and stirred vigorously. Then, the pH was adjusted to 7.5 via dropwise addition of 1 M NaOH. After the brown precipitate of the ferrihydrite settled for 1 h, it was collected via centrifugation at 5500 rpm for 5 min. After discarding the supernatant, the precipitate was suspended in deionized water and washed three times. Thereafter, the precipitate was dried in a vacuum freezing drying oven (FDU-1200, Riken, Japan) for 2 days before storing at room temperature.
Preparation of Ferrihydrite Suspensions
The background electrolyte solution composed of 15 mM of NaCl at pH 7.2 was prepared according to the ionic strength and pH value of the groundwater recharging by the reclaimed water at the volume ratio of 1:1. Then, the solution was bubbled with pure N 2 gas for a minimum of 2 h before use. The pH of the electrolyte solution was not changed. Finally, the solution was placed into a glove box filled with N 2 gas.
Bovine serum albumin (BSA) was used to simulate the dissolved proteins in the reclaimed water. The BSA powder was dissolved in the electrolyte solution to produce the BSA concentrations of 0, 10, 30, 60, and 100 mg/L. Then, ferrihydrite was added to the BSA solutions to produce the ferrihydrite suspensions with concentrations of 5 and 150 mg/L. After stirring, the suspensions were equilibrated for 24 h in the glove box before use.
Ferrihydrite Transport in Porous Medium
Transport experiments were performed at 17.5 ± 2.5 • C in a glove box filled with N 2 by using the same plexiglass column filled with sand, as described in Section 2.2. Then, the O 2 -free background electrolyte solution (15 mM of NaCl at pH 7.2) was injected using a pump (HL-2D, Shanghai, China) at 0.15 cm/min for 10 PV to standardize the pore-water solution chemistries. Ferrihydrite or BSA influent in a total of 6 PVs was applied to the column and subsequently eluted with a 4 PV background electrolyte solution. In the transport experiments, the influent suspension was applied and continuously stirred to prevent ferrihydrite aggregation and maintain suspension stability. In the control, the column was supplied with a nonreactive tracer (10 mg/L of KBr at pH 7.2) to evaluate the hydraulic properties of the packed column. In all transport experiments, the influent was controlled at 0.15 cm/min by using a peristaltic pump. Finally, the effluent from the column was collected at a certain interval (i.e., 2 min) for the analysis.
After each transport experiment, the retained ferrihydrite in the column was evaluated. The sand was carefully excavated from the column with 1 cm increments (1 cm long for each segment) and dried in a vacuum freezing drying oven (FDU-1200; Riken, Japan) for 2 days. A total of 2.5 g of dried sand was suspended in a 10 mL 1 M HCl solution and placed in 20 mL serum bottles. The bottles were sealed with parafilm and then shaken overnight at 25 • C in a shaking incubator (HZQ-X300; Yiheng, Shanghai, China) at 150 rpm to ensure complete dissolution of the retained ferrihydrite. The retained ferrihydrite was calculated with the following equation:
where q B is the adsorption capacity of ferrihydrite onto the sand (mg/g), m is the weight of the sand (g), r is the weight ratio of Fe in the synthesized ferrihydrite (52.68 wt%), C B is the Fe concentration in the HCl solution (mg/L), and V B is the volume of the HCl solution (L).
Batch Experiments
Batch experiments were conducted with a series of BSA concentrations for adsorption on ferrihydrite and sand to evaluate the mechanism of the ferrihydrite transport in the sand column. A 0.015 g ferrihydrite or a 5 g sand was added to 100 mL of BSA with concentrations of 10, 30, 60, and 100 mg/L in a 250 mL Erlenmeyer flask. The ion strength (IS) was maintained at 15 mM by adding NaCl and the pH was adjusted to 7.2 by adding 1 M of NaOH. The mixture was agitated overnight. The 20 mL mixture was extracted, and the supernatant was sampled to determine the BSA residue concentration after centrifugation at 5000 rpm for 20 min.
To determine the effect of BSA on ferrihydrite adsorption onto sand, ferrihydrite and sand were added to BSA collectively. First, the ISs and pH in this experiment were adjusted as described previously. Second, different volumes, namely, 10, 30, 60, and 100 mg/L, of BSA were added with ferrihydrite to yield a concentration of 150 mg/L ferrihydrite and stirred for 12 h. These volumes were added with 5 g of sand and stirred overnight. At the end of experiment, 20 mL of the suspension was sampled. After removing sand by settling, the supernatant was mixed with 10 mL of 3 M HCl by shaking at room temperature for 12 h to completely dissolve the ferrihydrite. The Fe concentrations in the solution were determined, and the adsorption capacity of ferrihydrite on the sand was calculated using the following equation:
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where C 0 is the ferrihydrite concentration (150 mg/L), C F is the Fe concentration in the digested solution with 3 M HCl (mg/L), V F is the volume in the batch adsorption experiments (L), and m is the weight of the sand (g).
All the experiments in this study were performed three times, and the average of the values was reported. Various sets of experimental data were subjected to one-way analysis of variance by using Microsoft Excel (v. 2016; Microsoft, Redmond, WA, USA). The differences between the data sets were not statistically significant.
Characteristics
The XRD patterns of the retained particles on the membrane and the synthesized ferrihydrite were determined using a diffractometer (RAPID-S; Rigaku, Tokyo, Japan) with Cu Kα radiation in 2θ range of 10 • -70 • . The composition of the retained particles on the membrane was measured using X-ray fluorescence (ARL Advant XP + ; Thermo, Waltham, MA, USA). The transmission Mössbauer spectroscopy experiment was performed using a spectrometer (MP500; Oxford, MS, UK) at room temperature. The organic matters in the groundwater, reclaimed water, and effluents A and B were analyzed through fluorescence excitation-emission matrix spectroscopy (EEMs, F4600; Hitachi, Japan) equipped with a 150W Xe lamp at a voltage of 730 V in accordance with the method of Wei et al. [18] . The excitation wavelengths were incremented from 200 to 400 nm at 5 nm intervals, whereas the emission was detected from 280 to 500 nm at 2 nm steps. Protein concentrations in the reclaimed water and effluents were measured with a UV-vis spectrometer (T-6; Persee, Beijing, China) at 595 nm in accordance with the Bradford method [19] . The cations in water were measured using ICP-AES, whereas the ions were measured using ion chromatography (883 Basic; Metrohm AG, Blackheath, Switzerland) coupled with an anion column (Supp 4-250; Metrohm AG, Blackheath, Switzerland). The COD was determined on the basis of the Standard Methods for the Examination of Water and Wastewater, APHA [20] . The Brunauer-Emmett-Teller surface areas of the ferrihydrite and sand were determined via nitrogen adsorption-desorption (TriStar 3000; Micromeritics, Norcross, GA, USA). The zeta potential and volume-averaged hydrodynamic size were measured using a zeta potential analyzer (Nano ZS90; Malvern, UK). Each measurement was repeated 10 times and then averaged. The morphology of the ferrihydrite adsorbed on the sand was observed through a field-emission scanning electron microscope (FEI Co., Hillsboro, OR, USA) equipped with an energy dispersive spectroscopy (EDS).
Transport Model
The transport of BSA-coated ferrihydrite particles in the saturated sand columns was simulated via an advection-dispersion-reaction model as described by Liu et al. [21] . The model was modified to consider the combined dynamic process of the blocking and depth-dependent straining. The modified model was expressed as follows:
where ρ is the bulk density of the porous media, S is the ferrihydrite concentration adsorbed on the sand, t is the time, n is the porosity, D is the dispersion coefficient, C is the concentration, z is the distance traveled in the direction of flow, and v is the average linear pore water velocity. The adsorption rate of ferrihydrite on the sand was described via the attachment and detachment processes, as expressed in Equation (4) .
where k att is the first-order attachment coefficient, k det is the first-order detachment coefficient, and ψ is a dimensionless function for the combined process of the dynamic blocking and depth-dependent straining [4] expressed as follows:
where S max is the maximum ferrihydrite particle concentration, d c is the average diameter, and x is an empirical constant for the shape of the retention profile [22] .
The model was applied to the experimental data. The parameters k at , k de , and S max were calculated.
Results and Discussion
Ferrihydrite Formation
When the groundwater was mixed with the reclaimed water containing dissolved oxygen to inject into the column, the ferrous Fe was oxidized by the dissolved oxygen to form Fe oxide, and the water quality of the effluent was improved. Table 1 shows the water quality of the reclaimed water, the groundwater, and effluent A. The cations of Fe in the reclaimed and groundwater were 0.27 and 8.48 mg/L, respectively, whereas that of effluent A was 0.03 mg/L. Other metallic cations, such as Al, Zn, Ca, and Mg, in the reclaimed water were obviously removed, and their mass losses were 88.2%, 93.3%, 22.6%, and 33.8%, respectively. Moreover, the COD in effluent A was 10.3 mg/L, which was slightly higher than that in the groundwater due to the dilution of organics from the reclaimed water. When the combination of the deoxygenated reclaimed and groundwater was injected into the column, the effluent was filtrated through 0.45 µm membrane, no particles were observed on the membrane. In addition, the concentrations of Fe and COD in effluent B were 3.68 and 13.57 mg/g (Table S1 ). The result was higher than those in effluent A, thereby indicating that the oxidation of ferrous Fe was important for water purification. The particles in the column effluent were analyzed to investigate the formation and transport of Fe oxides formed in the groundwater by recharging the reclaimed water. The results are shown in Figure 1 . The retained particles on the membrane showed that the cations of Fe were 43.2 wt%, which was predominant in the retained particles and four times the Si ( Figure 1A ). Other cationic ions, such as Mn, Al, and Zn, were lower than 1 wt%. The XRD patterns showed broad peaks at high Bragg angles of 34 • and 61 • ( Figure 1B ), corresponding to the superposition of 115 and 300 peaks. Thus, the Fe oxides were in a low crystalline that was also observed in the synthesized ferrihydrite. The Mössbauer spectra of the retained particles ( Figure 1C ) showed a single doublet corresponding to the isomer shift of 0.34 mm/s and electric quadruple splitting of 0.82 mm/s (Table S2 ). The result matched well with the poor crystalline ferrihydrite [23] . In the analysis of the relative area of the spectra, Fe was 100% for the doublet in the Mössbauer spectra of the retained particles, thereby indicating that ferrihydrite was the sole crystalline phase of the Fe oxides. Figure 1D shows that after 1 PV, the ferrihydrite particles start to break through the column and present a peak of the effluent in the first 10 PVs. However, the particles were stabilized with the normalized effluent concentration (C/C 0 ) > 0.4. Ferrihydrite in the retained particles was mainly generated in two steps. First, the low-content ferrous Fe in the groundwater was oxidized to ferric Fe by the dissolved oxygen in the reclaimed water (Equation (6)). Second, the ferric Fe was a strong Lewis acid with pKa of 2.2, which was unstable at neutral or alkaline condition, and was hydrolyzed to form ferrihydrite (Equation (7)). The newly formed ferrihydrite was a weak crystalline Fe oxide formed by combining an iron ion with six hydroxyl groups [24] to confer its ability to ligand metallic cations (denoted by M in Equations (8) and (9)), such as Zn, Ca, and Mg, by the hydroxyl groups on its surface.
The ferrihydrite particles were coalesced rapidly. In the incipient coalescence process, metallic cations could be encapsulated in the coalesced ferrihydrite particles by incorporation into ferrihydrite structure or as segregated particle occlusion. Shaw et al. [25] used the time-resolved small-angle X-ray scattering technique to investigate the hydrolysis of Fe 3+ and found that the diameter of the formed particles increased from 1.6 nm to 5 nm in 10 min. Martin et al. [26] studied the co-precipitation process of Zn 2+ with Fe 3+ and the results showed that Zn 2+ was homogeneously distributed in the precipitate, in which the tetrahedral polydentate Zn 2+ complexes shared apices with Fe 3+ octahedral in the ferrihydrite structure. Mn 2+ in groundwater also can be converted into MnO2 by dissolved oxygen from the reclaimed water. However, its conversion consumed more energy than Fe 2+ to ensure that its conversion rate was low [27] . The unoxidized Mn 2+ and other metallic cations were encapsulated into the ferrihydrite particles, yielding a solid solution to retard the release of metallic cations to water. Ferrihydrite in the retained particles was mainly generated in two steps. First, the low-content ferrous Fe in the groundwater was oxidized to ferric Fe by the dissolved oxygen in the reclaimed water (Equation (6)). Second, the ferric Fe was a strong Lewis acid with pKa of 2.2, which was unstable at neutral or alkaline condition, and was hydrolyzed to form ferrihydrite (Equation (7)). The newly formed ferrihydrite was a weak crystalline Fe oxide formed by combining an iron ion with six hydroxyl groups [24] to confer its ability to ligand metallic cations (denoted by M in Equations (8) and (9)), such as Zn, Ca, and Mg, by the hydroxyl groups on its surface.
The ferrihydrite particles were coalesced rapidly. In the incipient coalescence process, metallic cations could be encapsulated in the coalesced ferrihydrite particles by incorporation into ferrihydrite structure or as segregated particle occlusion. Shaw et al. [25] used the time-resolved small-angle X-ray scattering technique to investigate the hydrolysis of Fe 3+ and found that the diameter of the formed particles increased from 1.6 nm to 5 nm in 10 min. Martin et al. [26] studied the co-precipitation process of Zn 2+ with Fe 3+ and the results showed that Zn 2+ was homogeneously distributed in the precipitate, in which the tetrahedral polydentate Zn 2+ complexes shared apices with Fe 3+ octahedral in the ferrihydrite structure. Mn 2+ in groundwater also can be converted into MnO 2 by dissolved oxygen from the reclaimed water. However, its conversion consumed more energy than Fe 2+ to ensure that its conversion rate was low [27] . The unoxidized Mn 2+ and other metallic cations were encapsulated into the ferrihydrite particles, yielding a solid solution to retard the release of metallic cations to water.
The newly formed ferrihydrite had a zeta potential of +9.43 mV, whereas the particles formed in the recharging of reclaimed water in the groundwater exhibited a negative zeta potential of −9.55 mV. The particle surface became negatively charged due to the electrostatic adsorption of negatively-charged organics, such as protein and humic acid [28] . Apart from the electrostatic adsorption, the surface sites of ferrihydrite particles might react with the organic ligands, such as hydroxyl, phosphoryl, and carboxyl groups [29] , resulting in the formation of ferrihydrite-organic matter complex. This formation might correspond to the mass loss of 41.6% of COD. Zhen et al. [30] reported that polyferric sulfate was rapidly hydrolyzed to flocculate organics, and COD removal efficiency was approximately 80% in the treatment of molasses wastewater; the mechanism for the organic destabilization was charge neutralization/precipitation. After the formation of ferrihydrite-organic matter complex, the strong electrostatic repulsion between the negatively charged particles resulted in less aggregated particles. Thus, the ferrihydrite particles became small. The combined effect of the negatively charged surface and the small particle diameter improved the mobility of ferrihydrite particles in the groundwater saturation area.
The ferrous Fe concentration in the groundwater varied in the range of 0.02-20 mg/L [31] . When the reclaimed water was recharged into the groundwater with high Fe concentration, additional ferrihydrite particles were generated, followed by high mass loss of metallic metals [32] and organic matter from the mixed water. The ferrihydrite particles became less negatively charged because the organic matter loading on the ferrihydrite particles was reduced [33] . To further investigate the effect of the ferrous concentration on the crystalline of the Fe oxide, the particles formed at the ferrous Fe concentration of 1 and 15 mg/L were characterized by the Mössbauer spectrum. The results showed that the ferrihydrite phase also predominated in the two particles ( Figure S1 ), thereby indicating that the ferrihydrite formation was irrelevant to the ferrous Fe concentration.
When the ferrihydrite particle moved to the groundwater saturated area, the surrounding condition was changed, and the release of the metallic metals and organic matter occurred from the surface sites of the ferrihydrite particles and not the interior. Saalfield and Bostick [34] reported that in the groundwater system, the increased concentration of Ca 2+ or Mg 2+ with HCO 3 − in groundwater led to As desorption from the ferrihydrite surface. In the incipient coalescence of the new ferrihydrite, metallic metals and organic matter were encapsulated into the ferrihydrite particles. The compounds obtained by ferrihydrite encapsulation were greater than those by adsorption. Eusterhues et al. [35] reported that by co-precipitation with Fe 3+ , the maximum loading of the organic matter on the ferrihydrite particles was more than 360 mg/g, remarkably higher than that by the adsorption (approximately 120 mg/g). Thus, the metallic metals and organic matter can be effectively stabilized in the ferrihydrite particles, resulting in water quality improvement.
Organics Adsorbed onto the Ferrihydrite Particles
The organic matters in the groundwater, reclaimed water, and effluents A and B were characterized through EEMs. As shown in Figure 2 , three groups of fluorophores are presented in the visual inspection of pre-processed EEMs. These groups were commonly called fulvic-, humic-, and protein-like (specifically tryptophan-like) compounds [18] . In the position at Ex/Em 325/420 nm, a peak (peak H) with 57.5 afu for the humic-like compound was observed in the groundwater (Figure 2A ). In reclaimed water, peak H became intensified ( Figure 2B ), indicating the increase of the humic-like compound. In addition, one peak at Ex/Em 260/425 nm (peak F) for fulvic-like compound and two peaks at Ex/Em 230/335 nm (peak P1) and 275/335 nm (peak P2) for the tryptophan-like compounds were observed in the reclaimed water with fluorescence intensities of 355.2, 304.4, and 219.3 afu, respectively. Figure 2C shows that the fluorescence intensities of peaks H, F, P1, and P2 in effluent B were less than those in the reclaimed water because the concentrations of these compounds in the reclaimed water were diluted by the groundwater. Moreover, unlike effluent B, the intensities of peaks P1 and P2 in effluent A decreased from 174.1 afu to 92.1 afu and from 94.6 afu to 49.7 afu (Figure 2D ), respectively, indicating the low concentration of protein-like compounds in the effluent. The intensities of peak H in effluent A slightly decreased from 133.7 afu to 113.7 afu, demonstrating the removal of humic-like compounds after the formation of ferrihydrite particles. The Fe-OH groups on the surface of the ferrihydrite were deprotonated at a neutral condition to complex with the organic matter, such as the protein-and humic-like compounds. In addition, most of the protein-and humic-like compounds exhibited negative charges in water [13, 36] . Thus, the positively charged ferrihydrite had high affinity to the negatively charged organic matter via electrostatic attraction, resulting in the decrease of COD in the effluent. Table 1 shows that the mass loss of the protein-like compounds is 73.5%, which was predominant in the removed COD. The protein-like compounds in the reclaimed water can be categorized into acidic protein with isoelectric point (PI) of <7 and basic protein with PI of >7. When the groundwater was mixed with the reclaimed water, the pH of the mixed water was approximately 7.2, where the acid and basic proteins contained negative and positive charges, respectively. The adsorption of negatively charged protein was high on the ferrihydrite particles, whereas the positively charged protein adsorption was low ( Figure S2) . Therefore, the acidic protein adsorption on the ferrihydrite particles contributed to the loss of COD in the effluent.
The effect of humic acid on the mass loss of the protein-like compounds was investigated by adding the humic acid (Sinopharm, Beijing, China) into the groundwater. As shown in Figure S3 , when the humic acid addition increased from 1 mg/L to 10 mg/L, the mass loss of the protein-like compounds slightly elevated to 74.3% due mainly to the adsorption of the complex compounds formed by the humic acid reacted with the basic protein [37] . Moreover, the zeta potential of the ferrihydrite particles decreased from −9.62 mV to −9.81 mV. This result demonstrated that the adsorption of the humiclike compounds had a slight influence on the mass loss of protein-like compounds. The Fe-OH groups on the surface of the ferrihydrite were deprotonated at a neutral condition to complex with the organic matter, such as the protein-and humic-like compounds. In addition, most of the protein-and humic-like compounds exhibited negative charges in water [13, 36] . Thus, the positively charged ferrihydrite had high affinity to the negatively charged organic matter via electrostatic attraction, resulting in the decrease of COD in the effluent. Table 1 shows that the mass loss of the protein-like compounds is 73.5%, which was predominant in the removed COD. The protein-like compounds in the reclaimed water can be categorized into acidic protein with isoelectric point (PI) of <7 and basic protein with PI of >7. When the groundwater was mixed with the reclaimed water, the pH of the mixed water was approximately 7.2, where the acid and basic proteins contained negative and positive charges, respectively. The adsorption of negatively charged protein was high on the ferrihydrite particles, whereas the positively charged protein adsorption was low ( Figure S2) . Therefore, the acidic protein adsorption on the ferrihydrite particles contributed to the loss of COD in the effluent.
The effect of humic acid on the mass loss of the protein-like compounds was investigated by adding the humic acid (Sinopharm, Beijing, China) into the groundwater. As shown in Figure S3 , when the humic acid addition increased from 1 mg/L to 10 mg/L, the mass loss of the protein-like compounds slightly elevated to 74.3% due mainly to the adsorption of the complex compounds formed by the humic acid reacted with the basic protein [37] . Moreover, the zeta potential of the ferrihydrite particles decreased from −9.62 mV to −9.81 mV. This result demonstrated that the adsorption of the humic-like compounds had a slight influence on the mass loss of protein-like compounds.
Effect of Protein on the Ferrihydrite Transport
Given that protein-like compounds may attach to the generated ferrihydrite, their functions on the transport of ferrihydrite in porous medium were investigated using BSA as the model protein.
The BSA transport curve showed that the normalized BSA concentration (C/C 0 ) at the peak was 0.46 ( Figure 3A) , which was smaller than that of the tracer, thereby indicating that BSA was retained in the column. The transport of ferrihydrite in the sand column was remarkably affected by its concentrations. The breakthrough curve plateaus of the 5 mg/L ferrihydrite particles were higher than those of the 150 mg/L ones, which were almost 100% retained at the 1-4 cm inlet region of the column ( Figure 3C ). Figure 4A shows that the sand had a smooth surface, and Si and O were evenly distributed ( Figure 4B,C) . Unlike Si and O, Fe was distributed sporadically with several blue dots ( Figure 4D ) indicating the aggregation of the ferrihydrite particles. 
The BSA transport curve showed that the normalized BSA concentration (C/C0) at the peak was 0.46 ( Figure 3A) , which was smaller than that of the tracer, thereby indicating that BSA was retained in the column. The transport of ferrihydrite in the sand column was remarkably affected by its concentrations. The breakthrough curve plateaus of the 5 mg/L ferrihydrite particles were higher than those of the 150 mg/L ones, which were almost 100% retained at the 1-4 cm inlet region of the column ( Figure 3C ). Figure 4A shows that the sand had a smooth surface, and Si and O were evenly distributed ( Figure 4B,C) . Unlike Si and O, Fe was distributed sporadically with several blue dots ( Figure 4D ) indicating the aggregation of the ferrihydrite particles. Table 2 ). The results indicated that ferrihydrite was readily attached to the sand. However, the attachment weakened when BSA was added. The value of Katt was similar to the transport of 25 mg/L Figure 5A presents the effect of BSA on the zeta potentials of sand and ferrihydrite. The zeta potential of ferrihydrite at the concentration of 150 mg/L was 9.43 mV, which rapidly dropped to −1.2 mV when BSA was added at the concentration of 10 mg/L, further decreasing to −7.7 mV at the BSA concentration of 100 mg/L. The zeta potential of the sand was −46.1 mV, which increased gradually to −21.8 mV when the BSA concentration was increased to 100 mg/L. When the ferrihydrite concentration was 150 mg/L, the zeta potential of the sand was +9.17 mV (Figure 5B ), similar to that of bare ferrihydrite particles.
Protein Adsorption
The BSA molecule was composed of 18 amino acids in which the number of negatively and positively charged amino acids was both three. However, the charged unit of a neutral BSA molecule was −18.01 e [14, 19] . Therefore, the BSA was negatively charged and had strong affinity to adsorb into the positively charged ferrihydrite via electrostatic force. Under the action of electrostatic force, the negatively charged BSA molecules entered into the electric double layer of ferrihydrite particles [14] . Thereafter, a strong chemisorption between the BSA molecules and the ferrihydrite particles occurred, in which the amino groups of BSA attached to the surface sites (Fe-O − ) of ferrihydrite particles via ligand exchange [24] , and the other groups of BSA, such as α-carboxyl groups and hydroxyl groups at meta position [14, 19] , reacted with the O atom on the ferrihydrite surface via interfacial hydrogen bonds and innersphere complexes [29] . When BSA concentration was high in the liquid fraction, more BSA molecules were adsorbed on ferrihydrite particles and thereby BSA coating was gradually generated. The BSA coating overlapped the diffuse layer of the electrical When the BSA concentration increased from 10 mg/L to 30, 60, or 100 mg/L (Figure 3B ), the retained ferrihydrite (with initial concentration of 150 mg/L) in the column was reduced to 78.7%, 76.9%, and 75%, separately, with the first-order attachment coefficients (K att ) of 1.433, 1.159, and 1.036/min ( Table 2 ). The results indicated that ferrihydrite was readily attached to the sand. However, the attachment weakened when BSA was added. The value of K att was similar to the transport of 25 mg/L of ferrihydrite particles coated with 5 mg/L humic acid [28] . Moreover, the value of the detachment coefficient (K det ) was 8 × 10 −4 /min, which was nearly one thousandth of the value of K att , indicating that the subsequent elution by water did not cause a release of ferrihydrite. Therefore, the retained ferrihydrite on the porous media was not washed out by the water flow in a steady state. Notes: * FA represents ferrihydrite particles. R d , retention percentage; k att , first-order retention coefficient; k det , first-order detachment coefficient; S max , maximum adsorption capacity; and R 2 , R-squared. Figure 5A presents the effect of BSA on the zeta potentials of sand and ferrihydrite. The zeta potential of ferrihydrite at the concentration of 150 mg/L was 9.43 mV, which rapidly dropped to −1.2 mV when BSA was added at the concentration of 10 mg/L, further decreasing to −7.7 mV at the BSA concentration of 100 mg/L. The zeta potential of the sand was −46.1 mV, which increased gradually to −21.8 mV when the BSA concentration was increased to 100 mg/L. When the ferrihydrite concentration was 150 mg/L, the zeta potential of the sand was +9.17 mV (Figure 5B ), similar to that of bare ferrihydrite particles. The surface of the sand was negatively charged and showed a similar trend to BSA for ferrihydrite particles adsorption. When the sand was gradually covered by ferrihydrite particles via chemisorption and surface deposition [38] , the overlapping of the diffuse layers of electrical double layers on the sand was formed, and thereby the sand became positively charged.
Unlike BSA adsorption on ferrihydrite particles, BSA attached to the sand through the positively charged amino acids, such as lysine, histidine, and arginine. With the adsorption of BSA into the sand, the BSA stretched to the water due to electrostatic repulsion and steric hindrance from the sand surface [19] . Thus, the shear plane moved outside to reduce the absolute value of the zeta potential of the sand.
The specific surface areas of the ferrihydrite and sand were determined to be 36.1 m 2 /g and 0.046 m 2 /g, respectively ( Figure 6A ). The effect of BSA on the adsorption of ferrihydrite particles on the sand was investigated. The adsorption capacity was normalized with their surface areas. The results are shown in Figure 6B . By increasing the BSA concentrations, the adsorption capacity of ferrihydrite into the sand gradually decreased ( Figure 6B ), whereas the BSA adsorption on the ferrihydrite particles and sand increased. The synthesized ferrihydrite exhibited a hydrodynamic diameter of 1418.4 nm, indicating the particle aggregation. After BSA was added, the hydrodynamic diameter decreased from 1418 nm to 661 nm ( Figure 6C ), indicating that ferrihydrite became less aggregated. The BSA molecule was composed of 18 amino acids in which the number of negatively and positively charged amino acids was both three. However, the charged unit of a neutral BSA molecule was −18.01 e [14, 19] . Therefore, the BSA was negatively charged and had strong affinity to adsorb into the positively charged ferrihydrite via electrostatic force. Under the action of electrostatic force, the negatively charged BSA molecules entered into the electric double layer of ferrihydrite particles [14] . Thereafter, a strong chemisorption between the BSA molecules and the ferrihydrite particles occurred, in which the amino groups of BSA attached to the surface sites (Fe-O − ) of ferrihydrite particles via ligand exchange [24] , and the other groups of BSA, such as α-carboxyl groups and hydroxyl groups at meta position [14, 19] , reacted with the O atom on the ferrihydrite surface via interfacial hydrogen bonds and innersphere complexes [29] . When BSA concentration was high in the liquid fraction, more BSA molecules were adsorbed on ferrihydrite particles and thereby BSA coating was gradually generated. The BSA coating overlapped the diffuse layer of the electrical double layer on ferrihydrite particles and changed the zeta potential of ferrihydrite particles from positive to negative.
The surface of the sand was negatively charged and showed a similar trend to BSA for ferrihydrite particles adsorption. When the sand was gradually covered by ferrihydrite particles via chemisorption and surface deposition [38] , the overlapping of the diffuse layers of electrical double layers on the sand was formed, and thereby the sand became positively charged.
The specific surface areas of the ferrihydrite and sand were determined to be 36.1 m 2 /g and 0.046 m 2 /g, respectively ( Figure 6A ). The effect of BSA on the adsorption of ferrihydrite particles on the sand was investigated. The adsorption capacity was normalized with their surface areas. The results are shown in Figure 6B . By increasing the BSA concentrations, the adsorption capacity of ferrihydrite into the sand gradually decreased ( Figure 6B ), whereas the BSA adsorption on the ferrihydrite particles and sand increased. The synthesized ferrihydrite exhibited a hydrodynamic diameter of 1418.4 nm, indicating the particle aggregation. After BSA was added, the hydrodynamic diameter decreased from 1418 nm to 661 nm ( Figure 6C ), indicating that ferrihydrite became less aggregated.
results are shown in Figure 6B . By increasing the BSA concentrations, the adsorption capacity of ferrihydrite into the sand gradually decreased (Figure 6B ), whereas the BSA adsorption on the ferrihydrite particles and sand increased. The synthesized ferrihydrite exhibited a hydrodynamic diameter of 1418.4 nm, indicating the particle aggregation. After BSA was added, the hydrodynamic diameter decreased from 1418 nm to 661 nm ( Figure 6C ), indicating that ferrihydrite became less aggregated. The synthesized ferrihydrite was positively charged, thus showing the high normalized adsorption capacity of BSA compared with that of the negatively charged sand. BSA had a remarkable effect on the aggregation of ferrihydrite. When BSA was added, the negatively charged particles were dominant in the suspension, which repelled one other. This condition resulted in a decrease in hydrodynamic diameter. After the ferrihydrite was coated with negatively charged BSA, a strong electrostatic repulsion force was generated between the ferrihydrite and sand, which hindered the attachment of the ferrihydrite particle to the sand.
Mechanism of Transport of Protein-Mediated Ferrihydrite Particles
After the reclaimed water was injected into the groundwater, the ferrihydrite particles were produced by the reaction of ferrous Fe and dissolved oxygen. The generated ferrihydrite was positively charged, resulting in its strong adsorption into the sand-dominated groundwater-saturated porous media. Thus, its capability to transport into the natural aquifer zone was minimal. Evidently, the positively charged ferrihydrite particles became negative after the adsorption of BSA ( Figure 5A ). The particles generated in the mixed water also exhibited a negative zeta potential after the adsorption of the organics (Table 1 and Figure 2) . Ruggero et al. [6] reported that the zeta potential decreased to −40 mV at pH 7 after the ferrihydrite was co-precipitated with humic acid. After binding the negatively charged compounds, the ferrihydrite particles became stable and transported rapidly in a porous media composed of negatively charged sand. Aishuang et al. [7] found that after the ferrihydrite was suspended in 500 mg/L of poly (acrylic acid) solution, it became negatively charged and showed a breakthrough curve similar to the bromide tracer. Liao et al. [12] observed that when the concentration was higher than 10 mg/L, the negatively charged humic acids, which existed ubiquitously in the groundwater, enhanced the transport of ferrihydrite particles. Meanwhile, the negatively charged protein-like compounds in the reclaimed water were also abundant and easily coated on the ferrihydrite particles via electrostatic attraction, which enhanced the transport of The synthesized ferrihydrite was positively charged, thus showing the high normalized adsorption capacity of BSA compared with that of the negatively charged sand. BSA had a remarkable effect on the aggregation of ferrihydrite. When BSA was added, the negatively charged particles were dominant in the suspension, which repelled one other. This condition resulted in a decrease in hydrodynamic diameter. After the ferrihydrite was coated with negatively charged BSA, a strong electrostatic repulsion force was generated between the ferrihydrite and sand, which hindered the attachment of the ferrihydrite particle to the sand.
After the reclaimed water was injected into the groundwater, the ferrihydrite particles were produced by the reaction of ferrous Fe and dissolved oxygen. The generated ferrihydrite was positively charged, resulting in its strong adsorption into the sand-dominated groundwater-saturated porous media. Thus, its capability to transport into the natural aquifer zone was minimal. Evidently, the positively charged ferrihydrite particles became negative after the adsorption of BSA ( Figure 5A ). The particles generated in the mixed water also exhibited a negative zeta potential after the adsorption of the organics (Table 1 and Figure 2) . Ruggero et al. [6] reported that the zeta potential decreased to −40 mV at pH 7 after the ferrihydrite was co-precipitated with humic acid. After binding the negatively charged compounds, the ferrihydrite particles became stable and transported rapidly in a porous media composed of negatively charged sand. Aishuang et al. [7] found that after the ferrihydrite was suspended in 500 mg/L of poly (acrylic acid) solution, it became negatively charged and showed a breakthrough curve similar to the bromide tracer. Liao et al. [12] observed that when the concentration was higher than 10 mg/L, the negatively charged humic acids, which existed ubiquitously in the groundwater, enhanced the transport of ferrihydrite particles. Meanwhile, the negatively charged protein-like compounds in the reclaimed water were also abundant and easily coated on the ferrihydrite particles via electrostatic attraction, which enhanced the transport of ferrihydrite particles in the porous media.
Conclusions
During well injection of reclaimed water into the Fe-containing groundwater, the ferrihydrite particles were generated from the hydrolysis of the oxidized ferrous Fe and moved from the wells to the groundwater-saturated area. Ferrihydrite was the sole crystalline phase of the Fe oxide in the generated particles, which were composed of 43.2 wt% of Fe and other impurities, such as Si, Mn, and organic matter. The ferrihydrite particles exhibited good mobility with the normalized effluent concentration (C/C 0 ) of >0.4 due primarily to the negatively charged surface and less aggregation through the adsorption of protein-like compounds from the reclaimed water. The protein-like compounds in the reclaimed water played a key role in controlling the transport of the ferrihydrite particles. The results of the batch experiments demonstrated that without protein coating, the mobility of the ferrihydrite particles was limited due to the dominant aggregation and deposition of ferrihydrite particles. The transport of the ferrihydrite particles was remarkably enhanced after coating with protein because the zeta potential of the ferrihydrite particles changed from +9.43 mV to −7.7 mV. Furthermore, the electrostatic repulsion between the negatively charged ferrihydrite particles and sands dominated the transport of ferrihydrite particles. Moreover, the ferrihydrite particles became less aggregated and exhibited a small hydrodynamic radius, further improving the mobility of ferrihydrite particles. Notably, the composition of protein-like compounds in the reclaimed water was complex due to the various sources and treatment processes. Therefore, future research should also focus on the transport behaviors of ferrihydrite particles in the groundwater recharge with various sources of reclaimed water.
